Abstract -This paper presents initial results from a series of modules introducing Design for X (DfX
INTRODUCTION
Project-based learning has become a common strategy for exposing engineering students to the complexities of the engineering profession by requiring them to develop solutions to realistic, open-ended problems. Project-based learning is also seen as an effective means for developing within students the graduate attributes identified by professional engineering associations. In Canada, these are codified in Canadian Engineering Accreditation Board's list of Graduate Attributes [1] , which include the "Design" attribute, defined as:
"An ability to design solutions for complex, openended engineering problems and to design systems, components or processes that meet specified needs with appropriate attention to health and safety risks, applicable standards, economic, environmental, cultural and societal considerations."
This attribute in particular is targeted by the inclusion of engineering design projects in the engineering curriculum. However, the development of this attribute requires advanced critical thinking and decision making skills, as well an ability to synthesize information across a broad range of topics, which is not easy for even experienced engineers. To support students in this area, a series of Design for X (DfX) modules have been developed and implemented as part of the fourth year engineering design curriculum at the School of Sustainable Design Engineering of the University of Prince Edward Island. Design for X (DfX) methods are recognized as a means to facilitate decision making throughout the design process through the consideration of the requirements of various domains, the latter epresented by "X" [2] . These include, but are not limited to, design for: (i) Manufacturing and Assembly (ii) Reliability (iii) Quality (iv) Sustainability
The focus of this paper is the development and implementation these modules meant to encourage peer teaching and learning, as well as the application of design tools to complex engineering design problems. Preliminary results have shown an active participation by the fourth year students, with varying levels of application of the tools within the projects. This paper will present specific examples of student led discussion and exercises surrounding DfX topics, and a qualitative evaluation of the application of the material to their projects and the transfer of knowledge through peer learning. Recommendations for future improvement and strategies will also be discussed.
BACKGROUND

Design for X methods
Design for X (DfX) methods are recognised as a means to facilitate decision making throughout the design process. The concept of DfX originated with Boothroyd and Dewhurst's development of Design for Assembly (DfA) in the 1970s, where they defined a set of assembly constraints which should be taken into account during the design process. Since then, this field has expanded to include various topics such as Design for Quality, Design for the Environment, Design for Life Cycle Costs, Design for Disassembly, Design for Recyclability etc... [2] [3] [4] . This expansion of DfX is due to the realization that an increasing range of life cycle issues and their specific constraints should be taken into account during design.
It is generally accepted that decisions taken early in the design process can have a significant impact on the lifecycle cost of a product, with some estimates ranging from 70% to 80% of lifecycle costs being determined before the design is complete [5] . For example, a decision which later turns out to negatively impact a product's reliability can have a large impact on total lifecycle costs. Frequently, these problems are only identified after a significant amount of resources have been committed to a project, making late stage changes costly and complex to implement. Therefore, it is critical that DfX methods be applied early in the design process when iterations are relatively cheap. In this way, the most appropriate tools and activities can be identified early in the project, and a strategy can be developed for their subsequent deployment [2, 5, 6 ].
Peer Teaching in Engineering Design
Peer learning, where knowledge is acquired through interaction with colleagues of equal or matched status has been shown to have positive effects on both the student and the teacher. Peer teaching, sometimes referred to as peer tutoring and closely related to the flipped classroom, is a particular form of peer learning where those interacting take on explicit roles of teacher and student. This is in contrast to mentoring, where a more experienced individual takes on the role of providing positive reinforcement and acts as role model, and to cooperative learning, where individuals of equal experience are put in a position of learning in parallel and supporting each other through the process [7] . Peer teaching has also been shown to promote deeper understanding by the teacher of the information being presented, as well as promoting communication skills [8] , which is another of the CEAB Graduate Attributes. Closely related to peer teaching is the flipped classroom approach where instead of the instructor providing classroom instruction, an individual or group of students prepares and teaches, or transfers knowledge, to another group of students [9] . There are normally core concepts that must be understood and explained from one individual or group to another individual or group of students.
METHODOLOGY
Course Structure
Along with the development of engineering design abilities, a common goal of senior engineering design projects is the development of leadership and teamwork abilities. To encourage this, the Senior Engineering Design project and Professional Practice course at the University of Prince Edward Island School of Sustainable Design Engineering (SSDE) is completed in teams composed of fourth year project leads and third year team members. This places the fourth year students in a situation where they are required to provide mentorship and leadership for their teams.
DfX Modules
To promote the development of students' abilities to consider multiple competing factors in their decisions making process, three DfX modules were implemented in the Senior Engineering Design project and Professional Practice course: Design for Manufacturability, Design for Reliability and Design for Sustainability.
In order to encourage peer teaching a flipped classroom approach was used, where individual students prepared exercises and discussion material based on previously provided readings and examples. The emphasis of these discussions was the application of domain specific design methods and/or domain specific case studies.
Application of DfX methods
Following the modules, fourth year students were required to share the information with their third year team mates in order for the team to apply appropriate methods to their specific projects. While it was recognized that specific methods would apply to varying degrees to each project, it was left to the students to consider how the concepts applied to their projects and to justify their strategies.
To track their progress and to expose the teams to alternative implementation strategies, in the second semester the teams were required to update the class on how two of these concepts, design for sustainability and design for reliability, were applied to their projects. It was also required that the presenter be a third year student. The objective was to promote an exchange of information between project leads and members, requiring the team lead to work with the team to ensure that all members had at least a basic understanding of the application of the relevant DfX concepts.
Finally, throughout the project the students submitted five design updates in the form of reports and presentations. As part of these reports, students were required to present how they had addressed the sustainability, ease of manufacturing and assembly, reliability and safety of their designs throughout their project.
RESULTS AND DISCUSSION
In order to assess the initial effectiveness of this approach to teaching DfX concepts, a qualitative, descriptive approach was taken. In this section, examples of the results of each activity will be presented, along with instructor observations and student reflections, where applicable.
Student DfX Presentations
The relative level of engagement during the flipped classroom DfX modules was judged to be quite high, with positive feedback received and active participation in discussions. While students took different approaches to engaging their peers with the material, the three DfX modules were judged to be relatively successful.
For design for sustainability, the student chose to present current technology for smart, energy efficient homes, but focused the discussion on the concern of greenwashing, the misapplication of environmental standards and the role of engineers in avoiding this.
For design for manufacturing, the student drew on his personal experience with local manufacturing companies and design for manufacturing best practices such as avoiding handed, asymmetrical parts and the importance of frequent consultation with manufacturing experts regarding process capabilities. Following this, the group was led in the evaluation of the ease of manufacturing and assembly for the SAE BAJA dune buggy, which multiple class members had helped design.
Finally, for design for reliability, the student's focus was the application of Failure Modes and Effects Analysis. Although there was some confusion between a Process FMEA and a Design FMEA, the process was clearly explained. This concept was also applied to the design of the UPEI SAE Baja through a group exercise.
In two of three cases, the students led the group through concrete DfX techniques, while in the case of sustainability the focus was a qualitative consideration of the issues and possible trade-offs or contradictions. This mirrors both the literature, where design for sustainability and the environment are seen as difficult to quantify [10] , and the subsequent application of the concepts within the projects, which will be discussed in the following sections.
Team DfX Presentations
The focus of the second semester DfX presentations to the entire class during the two allotted classes were design for sustainability and design for reliability.
In terms of sustainability, similar to the conceptual nature of the fourth year student's presentation, most considerations were qualitative, with only one team proposing the future use of a software-based decision aid for sustainable material selection. While every team demonstrated a conceptual understanding of sustainability, they demonstrated little ability to make structured decisions regarding the sustainability of their designs. Typically, this was expressed as a vague guiding principle, for example to reduce waste and increase efficiency, without quantification. Furthermore, it was difficult for several teams to differentiate between the overall sustainable nature of their projects (e.g. installation of solar panels required by client) and the sustainability of their design decisions (e.g. selection of environmentally benign construction materials for installation).
The subsequent presentations regarding reliability were much more encouraging. Five of seven teams discussed concrete design decisions that were taken to improve reliability of their designs and were able to justify these when questioned. In one case, a team had completed a system level FMEA and was in the process of completing the same at the component level. In another, a systematic evaluation of proposed modifications to a client's facility was carried out in order to mitigate any adverse effects on system reliability. In only two cases was the concept misunderstood, for example conflating the reliability of the design with the reliability or repeatability of experimental data.
Application of DfX Methods in Design Projects
As was expected, the application of the DfX methods within the projects evolved throughout the course. Looking only at the reports, table 1 shows the number of teams (out of seven) who explicitly addressed the three DfX topics at the conceptual design stage during the first semester, and in their final reports at the end of the second semester. In each case, a substantial increase is noted. This was not only a question of semantics, but a clear progression was seen in terms of the team's abilities to justify the decisions made and to explicitly explain their design rationale. That being said, the three DfX domains in question were presented to varying levels of success.
The most concrete considerations remained those pertaining to reliability, as the primary focus of most teams was product functionality, which is directly impacted by its reliability. This was typically addressed through component selection based and prototype verification, with only one team completing an FMEA. While these are valid approaches, a more systematic analysis of critical components is a future objective.
There was a noted increase in addressing design for manufacturing and assembly as the project progressed. This manifested itself in two ways. The first was through prototyping, where teams encountered first-hand the difficulty of moving from digital design definitions to the physical construction of their products. Second, consultation with school technical staff provided invaluable feedback on whether it would be possible to manufacture and assemble the student designs. This led to many teams passing through multiple design iterations to ensure the quality of the physical product. In the future, a key recommendation is to introduce physical prototyping and interactions with technicians earlier in the project to encourage additional iterations and to able to resolve manufacturing and assembly issues beginning at the conceptual design stage.
Design for sustainability remained the least welldefined area. At the end of the project, while teams had considered certain qualitative measures of sustainability, no team had completed a systematic analysis of the sustainability of their designs. Rather, teams relied mainly on subjective criteria, personal judgment and research to justify the sustainability of their designs. Typically this was restricted to statements such as: While these are valid considerations for incremental increases in sustainability, they do not indicate detailed analysis and critical thinking. However, this is not completely surprising. In comparison to manufacturing and reliability, sustainability can be seen as less tangible, and hence more difficult to grasp by students. Unlike manufacturing, which can be evaluated in terms of time and precision, or reliability, which can be measured in terms of probability, it is difficult to set a standard measure for sustainability. Attempts to resolve this include the calculation of equivalent CO2 emissions or a human toxicity index, however these are difficult to interpret and to compare to one another. Furthermore, the concepts of environmental impact assessments and life cycle analysis are not as common within the engineering curriculum as manufacturing and reliability.
One strategy being considered to address this is the introduction of a more detailed sustainable engineering course earlier in the curriculum. However, from the point of view of this course, a potential solution is to introduce an additional hands-on module using dedicated environmental analysis software.
It should also be noted that while the initial intent of the work presented here was to implement a peer teaching environment for the introduction of DfX, first in the use of the flipped classroom and later in having project leads present the concepts to the other team members, this was not the only form of peer learning seen in the projects. As the team leads were not experts themselves in DfX methods, they also carried out cooperative learning [11] , working first with each other and later with their teammates to develop a common understanding of the methods.
CONCLUSION
This paper has presented observations and qualitative findings concerning a first iteration of DfX modules being taught within the context of a senior engineering design project. These modules were implemented through a flipped classroom approach, as well as peer teaching. The overall objective was to support the development of the Design graduate attribute.
Initial results suggest an improvement throughout the project in terms of justifying design decisions using domain specific tools and rationale. This aligns well with the targeted graduate attribute in so far as promoting the consideration of complex factors when making design decisions. However, many of the justifications presented by the students are subjective or qualitative.
It is proposed that for future iterations, activities be included where students apply DfX methods to relatively direct sample problems in order to quickly expose them to possible methods and provide feedback on their use. Furthermore, in a separate design course activity, the fourth year students, as a group, facilitated a computer assisted design and engineering lab for the third year students which was well received with a high level of engagement. This may be a more effective means of facilitating peer learning than the separate team-based activities presented this year.
